We report graft product stem cell yields and donor safety results of a randomized multicenter study comparing allogeneic peripheral blood stem cell (PBSC) PBSC transplantation with BM transplantation. Matched HLA-identical sibling donors (n ¼ 329) were randomized to filgrastim-mobilized PBSC or bone marrow (BM) donation groups. Median yields per kg recipient weight of CD34 þ cells, T cells, and natural killer (NK) cells, respectively, were approximately two-fold, eight-fold, and greater than eight-fold in the PBSC group than in the BM group (CD34 þ cells, 5.8 Â 10 6 /kg vs 2.7 Â 10 6 /kg; T cells, 300.1 Â 10 6 /kg vs 35.7 Â 10 6 /kg; NK cells, 28.2 Â 10 6 /kg vs 3.6 Â 10 6 /kg; Po0.001 for each). In connection with the cell collection procedures, PBSC donors spent a shorter median time in hospital than BM donors (0 vs 2 days; median difference À2 days, 95% CI À2 to 2) and had fewer median days of restricted activity (2 vs 6 days; median difference À3 days, 95% CI À4 to 2). Overall, 65% of PBSC donors and 57% of BM donors reported at least one adverse event (AE), most of which were transient, mild-moderate in severity, and without clinical sequelae. PBSC donors experienced predominantly filgrastim-related AEs, while BM donors experienced predominantly harvest-related AEs.
Peripheral blood has largely replaced bone marrow as a source of stem cells for autologous transplants over the past decade. 1 The ease of collection and the accelerated stem cell engraftment that occurs in peripheral blood stem cell (PBSC) recipients have clearly demonstrated the advantages of the more recent procedure. 2, 3 It was convincing evidence from autologous transplants that initially prompted attempts at peripheral blood transplantation in the allogeneic setting, despite fears of excessive graft-vs-host disease as a result of the high T cell content of peripheral blood grafts. Early trials, however, documented the feasibility of such transplants without excess mortality, and retrospective analyses and one prospective randomized trial 4 indicate the advantage of allogeneic PBSC transplantation in advanced leukemias. In early leukemia, equivalent recipient outcomes have been observed to date following PBSC and bone marrow (BM) transplants, but longer follow-up is required to demonstrate the equivalence of the procedures or to establish the superiority of one over the other. 5, 6 The availability of large numbers of stem cells in peripheral blood, as a result of granulocyte colony-stimulating factor (G-CSF) administration, has further facilitated the performance of haploidentical transplantation. 7 The initial focus of published studies comparing PBSC and BM transplantation centered on recipient outcome. 8, 9 There is a need, however, to direct attention to donors also, demand for whom is likely to increase. Low-intensity conditioning regimes that allow transplantation from older donors to be offered to older patients are increasingly used, and more information about donor aspects of PBSC transplantation is warranted to ensure donor safety and the quality of the graft product.
The complications of bone marrow harvesting are well known, and are usually mild and self-limiting. 10 Severe side effects, such as infections, anesthetic complications, and bleeding, have been described but are rare. 11 Adverse events (AEs) experienced by healthy PBSC donors following stem cell mobilization with G-CSF include bone pain, headache, fatigue, and reversible, usually mild, disturbances in such laboratory parameters as increased levels of lactate dehydrogenase (LDH) and alkaline phosphatase, and thrombocytopenia. 12, 13 In addition, there are isolated reports of splenic rupture 14, 15 and cardiovascular complications 16 occurring during the mobilization phase of the procedure. Consideration also needs to be given to the potential problems associated with extracorporeal circulation during harvesting, such as local symptoms or hypocalcemia secondary to citrate infusion. To date, however, there is little information about long-term consequences in healthy donors mobilized with G-CSF over several days. A potential increase in the risk of acute leukemia has been discussed, although the influence of G-CSF on any future hematological event is difficult to determine given that related donors may share a genetic predisposition to leukemia. 17 Further, little is known about factors affecting graft product composition.
We report here findings from a large, prospective randomized study comparing allogeneic filgrastim (recombinant methionyl human G-CSF)-mobilized PBSC transplantation with allogeneic BM transplantation in siblings of patients with acute leukemia, chronic myelogenous leukemia, and myelodysplastic syndrome, focusing particularly on graft product, donor safety, and donor quality of life. The results of this study as they relate to recipient outcomes are published elsewhere. 6 
Patients and methods

Study design
In this randomized, open-label, multicenter, parallel group study, PBSC donation was compared with BM donation in siblings of patients with defined hematological malignancies. Donor/recipient pairs were randomized to give/receive either PBSCs or BM. An interim analysis carried out after procedures had been performed upon 70 pairs confirmed safety and revealed no unexpected AEs; 18 the study was therefore allowed to proceed to enrollment of the originally envisaged 350 pairs. Study end points were graft composition (numbers of CD34 þ cells, nucleated cells (NC), T cells, and natural killer (NK) (CD56 þ , CD3 À ) cells), the incidence and severity of AEs, donor quality of life (the duration of hospitalization associated with the collection procedure and the number of days on which regular activities were restricted), and the route of leukapheresis access (peripheral vs central). The study was approved by the ethics committee of each participating institution, and written informed consent was obtained from all donors and recipients before any study-related procedures were performed on them.
Patients, donors, and selection criteria Donors had to be HLA-identical to their respective siblings, and between 16 and 60 years of age. Exclusion criteria were an inability to undergo general anesthesia and BM harvesting or to tolerate PBSC harvesting, the determination at initial examination that peripheral venous access would be impossible, pregnancy or lactation, positive serology for HIV, hepatitis C and/or hepatitis B surface antigen, concurrent treatment with any other investigational drug, known sensitivity to Escherichia coliderived products, and a history of malignancy.
A total of 350 donor/recipient pairs were enrolled in the study from 42 centers (listed in the Appendix) between January 1995 and December 1999, 176 pairs being randomized to BM transplantation and 174 pairs to PBSC transplantation. In all, 19 donor/recipient pairs (5%) were withdrawn from the study before donor harvesting, because of the relapse (seven patients) or death (two patients) of the intended recipient, withdrawal of consent (four pairs), ineligibility (four pairs), the detection of an unrelated medical condition, Klinefelter syndrome, in one pair, and logistical reasons (one pair). Two donor/recipient pairs were harvested/transplanted off protocol. Harvesting was successfully accomplished from 329 donors (166 in the BM arm, 163 in the PBSC arm) of whom 321 (98%) completed the study, seven donors having been lost to follow-up and one having been withdrawn from the trial as the result of an investigator's decision.
Harvesting procedures
BM was harvested under general anesthesia from both posterior iliac crests according to standard institutional procedures. A minimum NC yield X2 Â 10 8 /kg recipient body weight was required. Donors randomized to undergo PBSC harvesting were administered filgrastim (provided by Amgen, Thousand Oaks, CA, USA) at a dose of 10 mg/kg once daily by subcutaneous bolus injection for 4 or 5 consecutive days. Leukapheresis (10 l of whole blood) was performed on the morning of day 5 using an automated continuous-flow cell separator with a peripheral route access or, if this was not practicable, a central venous line. If the target yield of X4 Â 10 6 CD34 þ cells/kg recipient weight was not achieved, an additional dose of filgrastim was administered on day 5 and leukapheresis was repeated on day 6. The minimum yield of CD34 þ cells regarded as adequate for transplantation was 2 Â 10 6 /kg recipient body weight.
Graft composition was assessed by determination of total NC and CD34 þ , T, and NK cells by local standardized immunophenotyping using the following antibodies: for CD34 þ cells, HPCA-2-PE antibody (Becton Dickinson, Heidelberg, Germany); for T cells (CD3 þ ) and NK cells (CD3
þ ), double-labelling with UCHT-1-FITC (DAKO, Hamburg, Germany) and Leu-19-PE antibodies (Becton Dickinson, Heidelberg, Germany) for CD3 and CD56 antigens, respectively.
Schedule of donor assessments
Donors underwent a physical examination (including weight, height, age, Eastern Cooperative Oncology Group (ECOG) status) within the 2 weeks before cell collection. ECOG performance status was reassessed at the end of the study, which was defined as 30 days post harvesting. Full blood counts, with manual differentials, were performed pre-study (within the 24 h before the first harvest procedure or the first filgrastim administration), on the morning of each leukapheresis procedure prior to the procedure itself, every 3 days after the last dose of filgrastim until the absolute neutrophil count was within a range of 2 Â 10 9 /l-7 Â 10 9 /l, and at the end of the study. Biochemistry profiles were determined pre-study (within the 24 h before the first harvest procedure or the first filgrastim administration), on the last day of filgrastim administration, and at the end of the study. AEs were assigned preferred terms using an Amgen-modified World Health Organization (WHO) Adverse Reactions Terminology automated dictionary, and the relationship of each to both filgrastim and the harvesting procedure used was recorded as not related, unlikely, possible, probable, or definite, and its severity assigned using the WHO Adverse Events Grading Scale. In particular, following AEs were recorded: problems at injection sites of filgrastim, medical problems during leukapheresis, incidence, duration and severity of pain, complications associated with route of venous access for leukapheresis, and medical interventions directly associated with the mobilization or harvest. AEs requiring medical intervention were considered severe. At the end of the study, the number of nights of hospitalization associated with the respective cell collection procedures and the number of days upon which regular activities could not be maintained were summated. Regular activity was defined as all the activity that could be performed as before collection, at home or at work. Each recipient was asked to report on their respective sibling donor's wellbeing after 3, 6, 9, 12, 24, and 36 months, at which times each donor was also contacted by telephone.
Statistical analysis
All donors from whom a successful harvest was obtained were included in the analysis of graft products. Graft yields per recipient body weight are summarized using the median and range. In addition, the proportions of donors with target CD34 þ cell yields of X2 Â 10 6 /kg recipient body weight and X4 Â 10 6 /kg recipient body weight were calculated. Differences in yields between the BM and PBSC donors were compared by log-transforming the yields and using the analysis of variance. The PBSC/BM ratios of yields were estimated by back-transforming the differences between the mean log values. The proportions of donors with CD34 þ cell yields of X2 Â 10 6 /kg and X4 Â 10 6 /kg (recipient body weights) were compared using the w 2 test. Other factors influencing yields were assessed using linear regression on the log transformations of the total cell yields (ie, uncorrected for recipient body weight). After adjusting for treatment group, a factor was considered influential if it was significant at the a ¼ 0.05 level. The proportions of donors in the two groups requiring an overnight hospital stay were compared using the w 2 test, and the total duration of hospitalization was compared using the Wilcoxon ranksum test. All the comparisons between donor groups were carried out at the a ¼ 0.05 level of significance, and all confidence intervals presented are set at 95%.
Results
Donor population
Donor characteristics are summarized in Table 1 . The two groups were well balanced with respect to age, sex, height, weight, and body mass index (BMI). The overall median age was 37 years (range 17-60 years), and 54% of the donors were male. In all cases, pre-study physical examination was unremarkable.
Graft product
PBSCs could be harvested using a peripheral venous line from 93% of the donors. A total of 11 donors (7%) required a central venous line. The majority of donors (57%) underwent a single apheresis procedure, while 38% underwent two, and 5% underwent three aphereses. The compositions of the graft products (Table 2 ) differed in all Of the 166 BM donors, three underwent subsequent harvesting of filgrastim-mobilized PBSCs. In the cases of two of these, the BM harvest cell yield had been considered by the respective investigators to be inadequate and, as a result of slow recipient engraftment, they were each subjected to an apheresis procedure. The third had initially produced an adequate BM harvest, but the treating center desired to retransplant the recipient with PBSC 40 days after BM transplantation. Data relating to these second harvests are excluded from the analyses.
As shown in Table 3 , BMI (P ¼ 0.0022) and weight (P ¼ 0.0009) appeared to influence absolute CD34 þ cell yield irrespective of the treatment group, increased numbers of CD34 þ cells being obtained from donors with greater values for each of these parameters. None of the other covariates (sex, age, height) had any significant effect on CD34 þ cell yield in the multivariate analysis. In contrast, fewer T cells were collected from older donors (P ¼ 0.0017), in both PBSC and BM graft products.
Donor safety
The proportions of donors experiencing at least one AE did not differ significantly between the PBSC and BM groups (65 vs 57%, odds ratio (OR) 1.4, 95% CI 0.9-2.19), although the natures of the AEs were different (Table 4) . Among PBSC donors, 59% reported characteristic filgrastim-related AEs such as musculoskeletal pain, headache, and increased levels of LDH and alkaline phosphatase. The subject incidence of harvesting procedure-related AEs was greater among BM donors than among PBSC donors (55 vs 37%, OR 0.49, 95% CI 0.31-0.76). In 96% of all donors, AEs were mild to moderate in severity and transient in nature; severe AEs were reported in 4% of donors. The subject incidence of severe AEs was greater in the PBSC group (7%) than in the BM group (1%) (OR 6.47, 95% CI 1.42-29.4), and the nature of the severe AEs also differed between the two. One of the BM donors complained of severe nausea and vomiting after general anesthesia, while another required two red blood cell transfusions because of a hemoglobin level below 10 g/dl post harvest. Among the PBSC group, 12 donors reported severe AEs, with incidences as follows: chest pain (one), hypertension (one), headache (three), somnolence (one), tetany (one), thrombocytopenia (two), hypoglycemia (one), hypocalcemia (one), and musculoskeletal pain (seven). One serious AE was reported in a PBSC donor who developed severe hypocalcemia with tetany during leukapheresis as a result of not taking prescribed calcium supplements. No death occurred among the donors in either group, nor did any patient prematurely terminate filgrastim dosing or withdraw from the study as result of an adverse event.
Duration of hospitalization and days of restricted activity
The duration of hospitalization associated with the collection procedure and the numbers of days of restricted activity of donors post harvesting are summarized in Table 3 Factors influencing graft products None of the variables examined had any effect on NK cell yields. a There was an independent effect of BMI on CD34 + cell yield (P ¼ 0.0022). b There was an independent effect of donor weight on CD34 + cell yield (P ¼ 0.0009). c There was an independent effect of donor age on T cell yield (P ¼ 0.0017).
PBSC vs BM transplantation -donor aspects Table 5 and Figure 1 . In general, PBSC donors spent a shorter time in hospital than BM donors, with a clear reduction in the proportion of them requiring an overnight stay (26 vs 97%; P ¼ 0.0001). For BM donors, the median number of days of hospitalization was 2 days, while 74% of PBSC donors required no hospitalization, 6% required one night in hospital, and 20% required a stay of longer than one night. The longest hospitalized PBSC donor remained for 8 nights purely for logistical reasons, because she lived far away from the study center. The median number of days on which activity was restricted was also clearly less for PBSC donors (2 days) than for BM donors (6 days), the median difference being 3 days less in the former. Among PBSC donors, 61% reported 41 day of restricted activity, as against 91% of BM donors. PBSC donors were also less likely to experience a prolonged duration of restricted activity, only 2% reporting such a period of 2 weeks, as against 21% of BM donors.
No PBSC donor reported restricted activity beyond day 23. In the BM group, all donors resumed regular activity before day 100, except for one woman who suffered from severe back pain especially in cold weather, until day 192 after donation.
Discussion
The results of this prospective, randomized study comparing PBSC donation with BM donation show that the two differ significantly in terms of graft product and donor quality of life. The PBSC product contained approximately two-fold more CD34 þ cells and approximately eight-fold more of both T and NK cells than BM harvests, confirming and extending previous results. 18, 19 PBSC collection resulted in a greater number of stem cells independently of all other factors. Greater numbers of CD34 þ cells were a The safety analysis set includes one PBSC donor excluded from the efficacy analyses by virtue of failing to generate a stem cell yield sufficient to justify transplantation, but who, nevertheless, had been mobilized with filgrastim and undergone apheresis. obtained from heavier donors and those with a greater BMI, but age and sex seemed to exert no significant impact on stem cell yield. The PBSC collection procedure was successful, and the target yield of stem cells was achieved by 480% of donors, for less than 10% of whom a central venous line was required for leukapheresis, and for almost two-thirds of whom only one apheresis procedure was required for the target stem cell yield to be achieved. These findings are consistent with those of other reports. 20, 21 Regardless of the procedure, stem cell donation is invasive for donors, being associated with possible complications and impairment of quality of life and the need for hospitalization and time off work. Nevertheless, PBSC donation is generally less traumatic for donors in terms of post harvest discomfort, and does not require general anesthesia. Overnight hospitalization was not necessary for the majority (74%) of PBSC donors in the present study, whereas the great majority (97%) of BM donors did require hospitalization for at least one night. The overall duration of hospitalization associated with the collection procedure was shorter for PBSC donors than for BM donors, and recovery post harvesting, as assessed by the number of days of restricted activity, was also more rapid for the former.
At least one AE, the great majority of which were mildmoderate in severity, transient and self-limiting, was experienced by 57% of BM donors and 65% of PBSC donors. Severe AEs were reported in 1% of BM donors and 7% of PBSC donors. PBSC donors principally reported AEs connected with filgrastim administration, while AEs reported by BM donors principally represented donation procedure and anesthesia-related complications. A single serious AE occurred in one PBSC donor who accidentally neglected to take prescribed calcium supplement and developed tetany during leukapheresis. Prophylactic calcium administration during PBSC donation should now be considered standard. 22 
Yields of CD34
þ cells and T cells obtained through PBSC donation have previously been reported to be greater than may be achieved through BM donation, [4] [5] [6] 8, 18, 19 but few studies have analyzed factors potentially capable of influencing the efficacy of stem cell mobilization. Miflin et al 23 noted that PBSCs could be mobilized in significantly greater quantities in male donors than in female, and a trend in this direction was noted in the present study although it was not statistically significant. There was no apparent effect of donor age on CD34 þ cell yield. More than half of all PBSC donors generated the target CD34 þ cell yield of X4 Â 10 6 cells/kg recipient body weight in one leukapheresis procedure, which may be a consequence of the protocol requirement for 10 l of whole blood to be subjected to apheresis. Current trends toward the apheresis of large blood volumes result in a reduced need for multiple collections and may decrease the incidence of AEs experienced by donors.
One of the primary study end points was the incidence and severity of AEs consequent upon PBSC donation. The great majority of AEs experienced by both BM and PBSC donors were mild and self-limiting, and no such rare life-threatening events as severe complications due to anesthesia or splenic rupture and cardiovascular events 11, [14] [15] [16] 24 were observed. This may simply have been chance, or it may be related to the strict inclusion criteria that existed for donors and the standardized pre-donation evaluation. Although it is not possible at this stage to draw any conclusions about the long-term safety of PBSC mobilization by filgrastim, the donors enrolled in the present study are being followed for a total period of 3 years, and subsequent findings in this population will be the subject of a later report.
The incidence and severity of acute side effects might be greater with less stringent inclusion criteria that allow the participation of older donors or those with significant comorbidity. This is important in relation to the increasing use of hematopoietic stem cell transplantation in older recipients.
The possibility of an increased risk of acute leukemia arising as a result of mobilization with filgrastim has been discussed, 17, 25, 26 but it may very well never be possible to assess accurately this risk since it has been calculated that to detect a 10-fold increase in leukemia among healthy PBSC donors would require more than 2000 of them to be followed for 10 years or more. 27 The relative merits of allogeneic PBSC or BM transplantation also encompass economic, psychosocial, and ethical concerns that were not investigated in the present study. Economic analyses have shown the overall costs associated with the two procedures, from the start of donor mobilization or bone marrow harvest to 100 days post transplantation, to be approximately equivalent in Canada 28 and for PBSC transplantation to be cheaper than BM transplantation by approximately 20% in the US 29 and approximately 30% in Spain 30 . In a recent US National Marrow Donor Program survey, 31 donors with experience of both procedures reported that they had found BM donation physically more difficult and more time consuming, and expressed a preference for PBSC donation. In another study, the levels of physical discomfort reported by stem cell donors undergoing one or other harvesting procedure were similar, but symptoms in PBSC donors resolved more rapidly. 32 Munzenberger et al 33 measured quality of life in terms of pain and anxiety before, during, and after PBSC donation in a small group of subjects and found that not all donors reacted in the same way to their own personal experience or in terms of their attitudes toward donation, relationships with other family members, and awareness of the risk involved. No randomized prospective comparison of psychosocial aspects of PBSC and BM donation in a larger population has yet been published.
In conclusion, the findings of the present study demonstrate that greater stem cell yields may be achieved through PBSC donation than through BM donation, and that the procedure is safe and somewhat less of a burden than BM donation in terms of donor quality of life, as reflected by the duration of hospitalization associated with the collection procedure and the number of days of restricted activity post harvesting. Nevertheless, PBSC donation remains an invasive procedure and detailed donor counselling in relation to both physical and psychological aspects of the procedure is essential, as is the close follow-up of donors to assess the long-term effects of donation.
